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    Results of a study of dc-magnetization M(T, H), performed on a Nd0.6Pb0.4MnO3

single
crystal in the temperature range around TC  (Curie temperature) which embraces the
critical region | ε  | = |T  −TC |/TC  ≤  0.05 are reported. The magnetic data analyzed in the
critical region using the Kouvel-Fisher method give the values for the TC  =156.47 ±  0.06
K and the critical exponents, β  = 0.374 ±  0.006 (from the temperature dependence of
magnetization), and γ = 1.329 ± 0.003 (from the temperature dependence of initial
susceptibility). The critical isothermM(TC, H)  gives δ = 4.547 ±  0.1. Thus the scaling law
γ+β=δβ  is fulfilled.  The critical exponents obey the single scaling-equation of state
M(H, ε)  = ε  β  f±  (H/ε  β +  γ) where, f+  for T > TC and f−  for T< TC. The exponent values are
very close to those expected for the universality class of 3D Heisenberg ferromagnets
with short-range interactions.
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I. INTRODUCTION
 
            The  relation  between  electrical  transport  and  magnetism  in  colossal  magnetoresistive 
manganites  is  one  of  the  current  challenges  in  solid-state  physics1.  The  close  interplay 
between  transport  and  magnetism  in  these  materials  is  widely  attributed  to  the  double-
exchange  (DE)  mechanism2,  where  Mn  eg  electrons  hop  between  neighboring  sites  via 
oxygen  2p   orbitals  and  align  localized  t2g  spins  due  to  strong  intra  atomic  Hund’s  rule 
coupling.  Correspondingly,  at  a  finite-temperature  paramagnetic-ferromagnetic  (PM-FM) 
transition,  the  carriers  in  ferromagnetically  aligned  regions  start  to  move  freely  through 
the  lattice.  The  validity  of  this  explanation  of  the  colossal  magnetoresistance  (CMR)  in 
doped  ferromagnetic  manganites  has  been  questioned  based  on  quantitative  comparison 
with  experiment3.  The  central  unsolved  problem  concerns  the  importance  and  role  of 
couplings  of  the  conduction  electrons  that  are  responsible  for  the  CMR  and  its  apparent 
relation  to  the  ferromagnetic  transition  to  other  modes,  such  as  Jahn-Teller  distortions, 
charge/orbital  order,  and  phonons.  It  has  been  suggested  that  such  couplings  may  result  in 
various  forms  of  polarons4  in  the  manganites.  Then,  the  PM-FM  transition  may  be 
understood  as  a  transition  occurring  when  polaronic  charge  carriers  become  delocalized. 
Generalizing  this  picture,  Archibald,  Zhou,  and  Goodenough  argued  that  the  PM-FM 
transition  should  be  first-order5,  triggered  by  a  discontinuous  transition  between 
polaronic  and  extended  itinerant  states  of  the  charge  carriers.  Both,  for  the  basic  DE-
mechanism  and  for  such  extended  models,  the  effective  coupling  between  the  localized 
core-like  t2g  spins  is  mediated  by  charge  carriers  subject  to  the  fluctuations  of  the  spins 
themselves  and,  therefore,  may  depend  on  the  electron  kinetics6.  Other  microscopic 
mechanisms  for  the  ferromagnetism  in  doped  manganites  have  been  suggested  based  on 
the  observation  that  the  undoped  reference  state  should  be  a  charge-transfer  insulator  and 
thus,  ferromagnetism  in  doped  manganites  should  not  originate  from  the  usual  double 
exchange  interaction7  (see  also  Ref.  1[d]).  In  our  presentation  and  for  definiteness,  we 
follow  the  widely  held  opinion  that  a  double  exchange  mechanism  is  responsible  for 
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ferromagnetism  in  this  class  of  mixed-valent  manganites.  However,  irrespective  of  the 
detailed  nature  of  the  microscopic  couplings,  the  basic  assumptions  are  existence  of 
correlated  and  mobile  charge-carriers  responsible  both  for  aligning  the  magnetic 
subsystem  and  for  the  transport.  Within  a  ferromagnetically  aligned  region  this  may 
yield,  e.g.,  long-range  and/or  multispin  interactions.  These  general  mechanisms  are 
distinct  from  the  localized-spin  exchange  interactions  in  a  Heisenberg  model.  Thus,  it  is 
not  clear  how  Nd0.6Pb0.4MnO3  will  behave  at  the  critical  point.    Claiming  the  essential 
validity  of  the  DE-model8  Motome  and  Furukawa  argue,  based  on  computational  studies 
for  simplified  DE-models,  that  the  PM-FM  transition  in  the  CMR  manganites  should 
belong  to  the  short-range  Heisenberg  universality  class6,9.  Limitations  of  these 
computational  studies  do  not  allow  to  determine  precisely  the  exponents  for  such 
simplified  DE-models,  however  the  results  suggest  that  the  critical  properties  should  be 
those  of  conventional  Heisenberg  ferromagnets  with  short-range  interactions6,9.  Further 
computational  studies  on  DE-systems  show  that  the  transition  may  become  discontinuous 
depending  on  doping  level  and  competition  with  antiferromagnetic  superexchange10 
similar  as  in  the  polaron  model  mentioned  above.  However,  the  relevance  of  these 
models  for  the  CMR-manganites  is  an  open  problem.  As  pointed  out  above,  it  is  possible 
that  coupling  of  the  magnetic  subsystem  to  other  modes  may  lead  to  a  composite  order-
parameter  and  different  critical  properties  of  the  PM-FM  transition.  Experimental 
evidence  for  ferromagnetic  clusters  above  the  Curie  temperature  TC11,  and  the 
observations  of  inhomogeneity  and  phase  separation12  suggest  that  ferromagnetic  long-
range  order  may  be  established  by  percolation  of  ferromagnetic  regions  when  lowering 
temperature2.  Such  magnetic  inhomogeneities  in  the  spin  system  may  result  in  reduced 
local  effective  topological  dimensionality13  leading  also  to  different  critical  behavior. 
Hence,  the  critical  properties  of  the  paramagnetic-ferromagnetic  phase  transitions  in 
manganites  pose  one  of  the  important  fundamental  problems.  On  the  other  hand,  the  vast 
variability  of  competing  mechanisms,  which  may  influence  the  magnetic  ordering,  may 
also  yield  other  types  of  PM-FM  transitions  for  different  systems  (i.e.  different  cations  at 
the  rare-earth  site)  in  this  class  of  materials. 
          On  experimental  front,  studies14-25  of  critical  behavior  of  manganites  near  the 
paramagnetic-ferromagnetic  phase  transition  using  a  variety  of  techniques  have  yielded  a 
  4
wide  range  of  values  for  the  magnetization  critical  exponent  β.    The  values   range  from 
about  0.3  to  0.5,  which  embraces  mean-field  (β  =  0.5),  3D  isotropic  nearest-neighbor 
Heisenberg  (β   =  0.365),  and  3D  Ising  (β   =  0.325)  estimates.  Static  dc-magnetization 
measurements20-25,  in  addition  to  β,  also  yield  critical  exponents  γ  and  δ  for  initial 
susceptibility  χ   (T)  and  the  critical  isotherm  M  (TC,  H),  respectively.  However,  they 
failed  to  determine    a  unique  universality  class  for    the  phase  transition    of  these 
manganites.  Very  low  values  of  β   (0.095  for  LaMnO3.1423,  and  0.14  ±   0.02  for 
La0.7Ca0.3MnO324)  obtained  from  the  static  magnetization  measurements  suggested  that 
the  paramagnetic-ferromagnetic  transition  in  these  compounds    is  of  first  order.  Further,  a 
first-order  PM-FM  phase  transition  has  been  reported26  for  La0.7Ca0.3MnO3  based  on  the 
sign  of  the  slope  of  the  isotherm  plots  H/M  vs.  M2.  Interestingly,  a  continuous  transition 
has  been  reported25  for  La0.8Ca0.2MnO3.  Recently,  a  tricritical  point  has  been  identified27 
in  La1-xCaxMnO3  phase  diagram  at  x=0.4,  thus  marking  a  boundary  between  first-order 
and  second  order  phase  transitions.    Here  we  present  a  precise  estimation  of  critical 
exponents  of  a  Nd0.6Pb0.4MnO3
 
single  crystal  from  magnetization  data  in  the  asymptotic 
critical  region  and  show  that  the  critical  exponents  are  3D  short-range  Heisenberg  like  in 
this  particular  compound.  The  result  suggests  that  the  critical  properties  of  manganites 
may  vary  from  such  a  conventional  behavior  in  compounds  where  a  simple  short-ranged 
ferromagnetic  coupling  rules  the  behavior  to  unconventional  or  first  order  transitions  in 
compounds  with  several  competing  interactions.       
II.  EXPERIMENTAL 
              Single  crystals  needed  for  the  measurement  were  grown  by  flux  method  employing 
PbO/PbF2  solvent28.  Crystals  with  various  lead  concentrations  were  grown. 
Compositional  analysis  was  carried  out  by  Inductively  Coupled  Plasma  Atomic  Emission 
Spectroscopy  (ICPAES).  Phase  purity  was  confirmed  by  x-ray  diffraction.  Among  these 
crystals  Nd0.6Pb0.4MnO3,  which  is  in  ferromagnetic-metallic  regime,  was  chosen  for 
present  investigation.  This  compound  crystallizes  in  cubic  structure  with  space  group 
Pm 3 m  and  lattice  constant  a  =  7.736(1)  Å.    Colossal  magnetoresistance,  defined  as 
[R(H)-R(0)]/R(0),  is  found  to  be  –86%  under  a  field  of  5  T  near  Curie  temperature  in    this 
compound.  These  properties  demonstrate  that  the  chosen  system  belongs  to  the  mixed-
valent  manganites  with  CMR.  Single  crystal  structure  determination  has  revealed  that  the 
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MnO6  octahedra  are  nearly  perfect  with  the  Mn1-O1  bond  length  =  1.934  Å,  Mn1-O2    bond   
length  =  1.938  Å    and      O1-Mn1-O2    bond  angle  =  179º  29.  These  lattice  properties  indicate 
that  distortions  in  the  Mn-O-Mn  sub-lattice  away  from  the  ideal  perovskite-lattice  are 
weak.  Extensive  magnetization  measurements  M(T,H)   were  performed  on  a  well 
characterized  Nd0.6Pb0.4MnO3  single  crystal  of  dimension  2×1.65×0.75  mm3    in  external 
static  magnetic  fields  H  up  to  48  kOe  in  the  temperature  range  147  K  ≤   T   ≤   167  K 
encompassing  the  critical  region  near  the  paramagnetic-ferromagnetic  phase  transition 
using  a  SQUID  magnetometer.  The  data  were  collected  in  temperature  steps  of  0.5  K 
with  the  magnetic  field  direction  along  the  length  of  the  crystals. 
III.  RESULTS  AND  DISCUSSIONS 
According  to  the  scaling  hypothesis,  the  second-order  phase  transition  around  the  Curie 
point  TC  is  characterized  by  a  set  of  interrelated  critical  exponents,    ,  β,  γ,  and  δ  etc.,  and 
a  magnetic  equation  of  state30.  The  temperature  dependence  of  the  spontaneous 
magnetization  MS  (T)  =  limH→0M   just  below  TC   is  governed  by  exponent  β   through  the 
relation, 
MS  (T)  =  M0(-ε)β,  ε   <  0,                                                                                                                                                                                                      (1) 
and  that  of  the  inverse  initial  susceptibility  χ0  –1(T)   =  limH→0(H/M)   just  above   TC  by  γ 
through, 
χ0  –1(T)  =  (h0/M0)  εγ,  ε   >  0                                                                                                                                                                                                 (2) 
and  the  exponent  δ  relates  M   and  H  at  TC   as 
M   =  D  H1/δ,  ε   =  0  ,                                                                                                                                                                                                                          (3) 
where  ε   =  (T  −TC)/TC   and  M0,  h0/M0   and  D  are  the  critical  amplitudes.   
The  magnetic  equation  of  state  in  the  critical  region  is  written  as 
M  (H,  ε)   =  ε   β   f±   (H/ε   β  +   γ),                                                                                                                                                                                                (4) 
where  f+     for  T  >  TC  and  f−    for   T<  TC,  respectively,  are  regular  functions.  Equation  (4) 
implies  that  M/ε   β   as  a  function  of  H/εβ   +   γ  falls  on  two  universal  curves,  one  for 
temperatures  above  TC    and    the  other  for  temperatures  below  TC. 
          Fig.  1  shows  the  Arrott  plot,  M2  vs  H/M,  constructed  from  the  raw  M-H  isotherms 
after  correcting  the  external  magnetic  field  for  demagnetization  effects.  According  to 
mean-field  theory,  near  TC  these  curves  should  show  a  series  of  straight  lines  for  different 
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temperatures  and  the  line  at  T  =  TC  should  pass  through  the  origin.  In  the  present  case  the 
curves  in  the  Arrott  plot  are  nonlinear  indicating  that  the  mean-field  theory  is  invalid.   
Therefore,  the  values  of  MS(T,0)  and  χ0-1(T,0)   were  determined  using  a  modified  Arrott 
plot31,  in  which  M1/β  '   is  plotted  versus  (H/M)1/γ  '   (Fig  2).  As  trial  values,  we  have  chosen 
β   '  =  0.365  and  γ   '  =  1.336,  the  critical  exponents  of  the  Heisenberg  model.  As  this  plot 
results  in  nearly  straight  lines  (for  sufficiently  high  fields)  a  linear  extrapolation  from 
fields  above  2  kOe  to  the  intercepts  with  the  axes  M1/β   '  and    (H/M)1/γ  '   gives  the  values  of 
spontaneous  magnetization  MS(T,0)  and  inverse  susceptibility  χ0-1(T,0),  respectively. 
These  values  as  functions  of  temperature  are  plotted  in  Fig.  3.  The  continuous  curves  in 
Fig.  3  show  the  power  law  fits  according  to  eqs.  (1)  and  (2)  to  MS(T,  0)  and   χ0-1(T), 
respectively.    This  gives  the  values  of  β   =  0.369  ±  0.02  with  TC   =  156.4  ±   0.2  K  (eq.  (1)) 
and  γ  =  1.334  ±   0.06  with  TC  =  156.15  ±   0.3  (eq.  (2)).  These  results  show  that  our  trial 
values  are  very  close  to  the  correct  critical  exponents.  Moreover,  the  curve  passing  the 
origin  in  Fig.  2  belongs  to  T  =  156.5  K,  which  is  near  to  the  TC   values  obtained  from  the 
fits  corresponding  to  Fig.  3.  Thus,  the  results  give  support  that  the  3D  Heisenberg 
universality  class  governs  the  phase  transition  in  Nd0.6Pb0.4MnO3.   
          Alternatively,  the  values  of  TC,  β   and  γ   are  also  obtained  by  the  Kouvel-Fisher  (KF) 
method32.  According  to  this  method,  plots  of  MS(dMS/dT)-1  vs.  T   and  χ0-1(dχ0-1/dT)-1  vs.  T  
should  yield  straight  lines  with  slopes  1/β   and  1/γ,  respectively.  When  extrapolated  to  the 
ordinate  equal  to  zero,  these  straight  lines  should  give  intercepts  on  their  T   axes  equal  to 
the  Curie  temperature.  In  Fig.  4  these  plots  are  shown.  The  straight  lines  obtained  from  a 
least-square  fit  to  the  data  give  the  values  of  β   =  0.374  ±   0.006,  TC     =  156.47  ±   0.06  and  γ 
=  1.329  ±0.003,  TC   =156.16  ±   0.06,  respectively.  In  order  to  check  whether  the  present 
composition  is  close  to  a  tricritical  point  in  Nd1-xPbxMnO3  phase  diagram,  the  exponent 
values  β=0.25  and  γ=1  have  been  tried  by  fixing  these  values  in  fitting  functions.  These 
yield  a  very  poor  fit  to  the  data.  Further,  specific  heat  measurements33  on  Nd1-xPbxMnO3 
(x=0.2,  0.3,  0.4  and  0.5)  did  not  show  any  signature  of  a  first  order  transition.  In  fact, 
broad  cusps  of  the  specific  heat  observed  at  the  respective  ferromagnetic  transition 
temperatures  are  consistent  with    Heisenberg-like  behavior  with  negative  critical 
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exponent  for  the  specific  heat  (    <  0).  This  indicates  that  although  Nd0.6Pb0.4MnO3  has  a 
rather  low  TC,  it  is  distinct  from  La0.6Ca0.4MnO3. 
          The  value  of  δ  has  been  directly  obtained  by  plotting  the  critical  isotherm.  Fig.  5 
shows  MS(156.5  K,  H)   vs.  H  on  a  log-log  scale.  According  to  eq.  (3),  this  should  be  a 
straight  line  with  slope  1/δ.  From  the  linear  fit  we  obtained  δ  =  4.547  ±  0.1.    The  critical 
exponents  have  to  fulfill  the  Widom  scaling  relation34 
δ  =  1  +  γ  /β.                                  (5) 
Using  the  above  determined  values  of  β   and   γ,  eq.  (5)  yields  δ   ≈  4.61  ±   0.3  for  γ,  β  
evaluated  according  Fig.  3  and  δ  ≈  4.55  ±   0.1  for  γ   and  β  obtained  by  the  KF  method. 
Thus,  the  critical  exponents  found  in  this  study  obey  the  Widom  scaling  relation 
remarkably  well.   
          In  order  to  check  whether  our  data  in  the  critical  region  obey  the  magnetic  equation  of 
state  (4),  M/ε   β   as  a  function  of  H/ε   β   +   γ   is  plotted  in  Fig.  6  using  the  values  of  critical 
exponents  and  TC   obtained  from  above  analysis.  The  inset  shows  the  same  results  on  a 
log-log  plot.  It  can  be  clearly  seen  that  all  the  points  fall  on  two  curves,  one  for  T  <  TC 
and  other  one  is  for  T  >  TC.  This  corroborates  that  the  obtained  values  of  the  critical 
exponents  and  TC   are  reliable  and  in  agreement  with  the  scaling  hypothesis.   
          The  values  of  critical  exponents  of  Nd0.6Pb0.4MnO3  (present  work),  the  conventional 
ferromagnet  Ni35,  theoretical  values  obtained  for  different  models35,  and  values  obtained 
from  the  static  magnetization  measurements  reported  in  literature20-25  for  other 
manganites  are  listed  in  Table  1  for  comparison.  Clearly,  the  values  of  critical  exponents 
found  for  Nd0.6Pb0.4MnO3  completely  agree  with  those  of  conventional  Heisenberg 
ferromagnets.  Secondary  effects  on  the  PM-FM  transition  due  to  magnetic  anisotropies  or 
dipolar  long-range  couplings  are  expected  to  be  small  or  unobservable,  as  in  similar 
systems35.  In  particular,  a  crossover  to  another  universality  class  due  to  magnetic 
anisotropy  should  be  unobservable  in  this  virtually  cubic  system36.  The  lower  cut-off 
used  for     avoids  any  such  problems.  According  to  our  analysis  this  particular  manganite 
system  displays  consistent  critical  properties  for  the  paramagnetic-ferromagnetic 
transition  placing  it  into  the  expected  universality  class  of  isotropic  3D  ferromagnets.   
This  result  is  not  trivial:  the  critical  exponents  are  governed  by  lattice  dimension  (D=3  in 
present  case),  dimension  of  order  parameter  (n=3,  magnetization)  and  range  of  interaction 
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(short-range,  long-range, or  infinite)37,38.  Thus,  our  results  show  that  the  ‘additional 
degrees  of  freedom’  related  to  the  fact  that  the  ferromagnetic  coupling    is  mediated  by 
itinerant  charge  carriers  do  not  mimic  long-range  interactions.  The  β   value  reported  for  a 
La0.7Sr0.3MnO3  single  crystal20  is  close  to  that  of  a  conventional  ferromagnet  and 
consistent  with  the  Heisenberg  model  but  γ   in  Ref.  20  is  not  close  to  any  theoretical 
model  shown  in  Table  1.  On  the  other  hand,  mean-field-theory  values  are  obtained21  for 
polycrystalline  La0.8Sr0.2MnO3.  A  first-order  transition  in  La0.7Ca0.3MnO326  and  a  cross-
over  to  a  continuous  phase  transition  on  either  side  of  the  phase  diagram25,27  suggest  that 
Ca-doped  manganites  are  distinct  from  other  manganites.  Some  theoretical  models10,39 
predict  that  such  a  cross-over  from  continuous  to  first-order  transitions  may  occur. 
However,  in  a  recent  study40  on  a  La0.7Ca0.3MnO3  single  crystal,  it  is  proposed  that  the 
transition  should  be  viewed  in  the  context  of  Griffiths  singularity,  which  arises  when 
disorder  suppresses  a  magnetic  transition.  Here  we  would  like  to  remark  on  critical 
behavior  of  other  half-metallic  oxides  like  CrO241  and  Sr2FeMoO642.  It  has  been  found 
that  both  materials  belong  to  the  3D  Heisenberg  ferromagnet  universality  class.  Our  study 
demonstrates  that  a  mixed-valent  half-metallic  ferromagnetic  manganite  also  shows  these 
conventional  critical  properties.  This  finding  should  provide  a  point  of  reference  also  for 
an  understanding  of  the  anomalous   behavior  in  some  of  the  manganites  with 
unconventional  PM-FM  transitions.  Hence,  this  result  is  useful  to  identify  the  further 
effects,  like  polaronic  coupling  of  charge-carriers  to  other  modes  and  disorder,  which 
may  be  necessary  to  explain  the  various  anomalies  and  the  CMR  in  this  class  of 
ferromagnetic  manganites. 
          From  the  experimental  studies  on  manganites  reported  in  literature  so  far,  it  remains 
unclear  whether  continuous  paramagnetic-ferromagnetic  transitions,  if  present,  should 
generally  belong  to  the  universality  class  of  the  Heisenberg  model  with  short-range 
couplings.  The  wide  disparity  of  critical  properties  reported  in  literature  for  manganites 
calls  for  more  experimental  studies  on  high  purity  samples,  in  particular  single  crystal 
investigations  with  different  compositions.   
IV.  CONCLUSIONS 
            In  summary,  we  have  studied  the  critical  behavior  of  Nd0.6Pb0.4MnO3  in  the 
temperature  region  around  TC  from  dc  magnetization  measurements  and  determined  the 
  9
values  of  TC,  β,  γ   and  δ,  which  provide  a  consistent  description  of  the  continuous 
paramagnetic-ferromagnetic  transition  according  to  scaling  laws.  The  values  of  the 
critical  exponents  are  very  close  to  the  values  for  the  universality  class  of    3D  Heisenberg 
ferromagnets  with  short-range  interaction.     
 
V. ACKNOWLEDGEMENTS
M.  S.  thanks  Alexander  von  Humboldt  foundation  for  a  fellowship.  N.G  is  grateful  to  the 
financial  support  of  CSIR  extramural  research  grant. 
 
 
 
 
 
 
 









 
 
 
 
 
  10
References 
 
1    For  recent  reviews,  see  (a)  J.  M.  D.  Coey,  M.  Viret,  and  S.  von  Molnár,  Adv.  Phys. 
48,  167  (1999);  (b)  E.  L.  Nagaev,  Phys.  Rep.  346,  387  (2001);  (c)  M.  B.  Salamon  and 
M.  Jaime,  Rev.  Mod.  Phys.  73,  583  (2001);  (d)  D.  M.  Edwards,  Adv.  Phys.  51,  1259 
(2002)  (e)  E.  Dagotto,  T.  Hotta,  A.  Moreo,  Phys.  Rep.  344,  1  (2001). 
2    C.  Zener,  Phys.  Rev.  82,  403  (1951);  P.  W.  Anderson  and  H.  Hasegawa,  Phys.  Rev. 
100,  675  (1955);  P.  G.  de  Gennes,  Phys.  Rev.  118,  141  (1960). 
3    A.  J.  Millis,  P.  B.  Littlewood,  and  B.  I.  Shraiman,  Phys.  Rev.  Lett.  74,  5144  (1995); 
A.  Chattopadhyay,  A.  J.  Millis,  S.  Das  Sarma,  Phys.  Rev.  B  61,  10  738  (2000). 
4  A.  J.  Millis,  B.  I.  Shraiman,  and  R.  Mueller,  Phys.  Rev.  Lett.  77,  175  (1996);  H. 
Röder,  J.  Zan,  and  A.  R.  Bishop,  Phys.  Rev.  Lett.  76,  1356  (1996);  T.  Mizokawa, 
D.  I.  Khomskii,  and  G.  A.  Sawatzky,  Phys.  Rev.  B  63,  024403  (2000);  J.  A.  Vergés, 
V.  Martín-Mayor,  and  L.  Brey,  Phys.  Rev.  Lett.  88,  136401  (2002). 
5    W.  Archibald,  J.-S.  Zhou,  and  J.  B.  Goodenough,  Phys.  Rev.  B  53,  14  445  (1996). 
6    Y.  Motome  and  N.  Furukawa,  J.  Phys.  Soc.  Japan,  70,  1487  (2001). 
7    G.-m.  Zhao,  Phys.  Rev.  B  62,  11  639  (2000).   
8  N.  Furukawa,  cond-mat/9812066. 
9  Y.  Motome  and  N.  Furukawa,  J.  Phys.  Soc.  Japan,  69,  3785  (2000);  ibidem.  70, 
1386  (erratum);  see  also  J.L.  Alonso,  L.  A.  Fernández,  F.  Guinea,  V.  Laliena, 
V.  Martín-Mayor,  Nucl.  Phys.  B  596,  587  (2001). 
10    J.L.  Alonso,  L.  A.  Fernández,  F.  Guinea,  V.  Laliena,  V.  Martín-Mayor,  Phys.  Rev. 
B  63,  064416  (2001). 
11  J.  M.  De  Teresa,  M.  R.  Ibarra,  P.  A.  Algarabel,  C.  Ritter,  C.  Marquina,  J.  Blasco,  J. 
García.  A.  del  Moral,  and  Z.  Arnold,  Nature,  386,  256,  1997. 
12  M.  Uehara,  S.  Mori,  C.  H.  Chen,  and  S.-W.  Cheong,  Nature  (London)  399,  560 
(1999);  M.  Fäth,  S.  Freisem,  A.  A.  Menovsky,  Y.  Tomioka,  J.  Aarts,  J.  A.  Mydosh, 
Science  285,  1540  (1999). 
13  S.  N.  Kaul,  J.  Mag.  Mag.  Mater.  53,  5  (1985). 
14    M.  C.  Martin,  G.  Shirane,  Y.  Endoh,  K.  Hirota,  Y.  Moritomo,  and  Y.  Tokura,  Phys. 
Rev.  B,  53,  14285  (1996). 
  11
15    R.  H.  Heffner,  L.  P.  Le,  M.  F.  Hundley,    J.  J.  Neumeier,  G.  M.  Luke,  K.  Kojima,  B. 
Nachumi,  and  Y.  J.  Uemura,  D.  E.  MacLaughlin,  S-W.  Cheong,  Phys.  Rev.  Lett.  77, 
1869  (1996). 
16  S.  E.  Lofland,  V.  Ray,  P.  H.  Kim,  S.  M.  Bahgat,  M.  A.  Manheimer,  S.  D.  Tyagi, 
Phys.  Rev.  B,  55,  2749  (1997). 
17  S.  E.  Lofland,  S.  M.  Bahgat,  K.  Ghosh,  R.  L.  Greene,  S.  G.  Karabashev,  D.  A. 
Shulyatev,  A.  A.  Arsenov,  and  Y.  Mukovskii,  Phys.  Rev.  B,  56,  13705  (1997). 
18  L.  Vasiliu-Doloc,  J.  W.  Lynn,  Y.  M.  Mukovskii,  A.  A.  Arsenov,  and  D.  A. 
Shulyatev,  J.  Appl.  Phys.  83,  7342  (1998). 
19  A.  Schwartz,  M.  Scheffler,  and  S.  M.  Anlage,  Phys.  Rev.  B.  61,  R870  (2000). 
20
  K.  Ghosh,  C.  J.  Lobb,  R.  L.  Greene,  S.  G.  Karabashev,  D.  A.  Shulyatev,  A.  A. 
Arsenov,  and  Y.  Mukovskii,  Phys.  Rev.  Lett.  81,  4740  (1998). 
21    Ch.  V.  Mohan,  M.  Seeger,  H.  Kronmüller,  P.  Murugaraj,  J.  Ma,  J.  Magn.  Magn. 
Mater.  183,  348  (1998). 
22    N.  Moutis,  I.  Panagiotopoulos,  M.  Pissas,  and  D.  Niarchos,  Phys.  Rev.  B,  59,  1129, 
(1999). 
23
  R.  S.  Freitas,  C.  Haetinger,  P.  Pureur,  J.  A.  Alonso,  L.  Ghivelder,  J.  Magn.  Magn. 
Mater.  226-230,  569  (2001). 
24  H.  S.  Shin,  J.  E.  Lee,  Y.  S.  Nam,  H.  L.  Ju,  C.  W.  Park,  Solid  State  Comms.  118, 
377  (2001). 
25    C.  S.  Hong,  W.  S.  Kim,  N.  H.  Hur,  Phys.  Rev.  B,  63,  092504  (2001). 
26  J.  Mira,  J.  Rivas,  F.  Rivadulla,  C.  Vázquez,  and  M.  A.  López-Quintela,  Phys.  Rev. 
B,  60,  2998  (1999). 
27
  D.  Kim,  B.  Revaz,  B.  L.  Zink,  F.  Hellman,  J.  J.  Rhyne  and  J.  F.  Mitchell,  Phys. 
Rev.  Lett.  89,  227202  (2002). 
28
  N.  Ghosh,  S.  Elizabeth,  H.  L.  Bhat,  G.  N.  Subbanna,  M.  Sahana,  J.  Magn.  Magn. 
Mater.  256,  286  (2003).   
29
  N.  Ghosh,  S.  Elizabeth,  H.L  Bhat,  G.  Nalini,  B.  Muktha,  T.  N.  Guru  Row,  (to  be 
published). 
30  H.  E.  Stanley,  Introduction  to  phase  transitions  and  critical  phenomena   (Oxford 
University  Press,  New  York,  1971). 
  12
31  A.  Arrott  and  J.  E.  Noakes,  Phys.  Rev.  Lett.  19,  786,  (1967). 
32  J.  S.  Kouvel  and  M.  E.  Fisher,  Phys.  Rev.  136,  A  1626  (1964). 
33
  N.  Ghosh,  U.  K.  Röβler,  K.  Nenkov,  M.  Sahana,  S.  Elizabeth,  H.  L.  Bhat,  K.  Dörr, 
and  K.–H.  Müller  (to  be  published). 
  34B.  Widom,  J.  Chem.  Phys.  43,  3898  (1965),  J.  Chem.  Phys.  41,  1633  (1964).   
35  M.  Seeger,  S.  N.  Kaul,  and  H.  Kronmüller,  Phys.  Rev.  B,  51,  12585  (1995). 
36  M.  E.  Fisher,  Rev.  Mod.  Phys.  46,  597  (1974). 
37  M.E.  Fisher,  S.-K.  Ma,  B.  G.  Nickel,  Phys.  Rev.  Lett.  29,  917  (1972).   
38See,  e.g.,  D.  A.  Lavis,  G.  M.  Bell,  Statistical  Mechanics  of  Latttice  Systems  2; 
Exact  Series  and  Renormalization  Group  Methods,  Spinger,  Berlin  1999. 
39  A.  S.  Alexandrov  and  A.  M.  Bratkovsky,  Phys.  Rev.  Lett.  82,  141  (1999). 
40  M.  B.  Salamon,  P.  Lin,  and  S.  H.  Chun,  Phys.  Rev.  Lett.  88,  197203  (2002). 
41  F.  Y.  Yang,  C.  L.  Chien,  X.  W.  Li,  G.  Xiao,  and  A.  Gupta,  Phys.  Rev.  B.  63, 
092403  (2001). 
42  H.  Yanagihara,  Wesley  Cheong,  M.  B.  Salamon,  Sh.  Xu,  and  Y.  Moritomo,  Phys. 
Rev.  B.  65,  092411  (2002). 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  13
 
Table  1.  Comparison  of  critical  parameters  of  Nd0.6Pb0.4MnO3  with  the  conventional 
ferromagnet  Ni,  different  theoretical  models,  and  manganites  reported  in  literature. 
Abbreviations:  SC,  single  crystal;  PC,  polycrystalline,  NS,  not  specified;  NEI,  not 
estimated  independently. 
 
 
Material   
 
Ref.  |  ε   |  range 
for  fit 
TC   (K)  β   γ  δ 
Nd0.6Pb0.4MnO3,  SC 
 
This 
Wor
k 
0.006    – 
0.05 
156.47  ±  
0.06 
0.374  ±  
0.006 
1.329  ±  
0.003 
4.547  ±   0.1 
Ni,  PC 
 
[35]  0.00024  -
0.012   
635.53  ±  
0.02   
0.395  ±   0.01  1.345  ±  
0.01 
4.35  ±   0.06 
Mean-field  theory  [35]      0.5  1.0  3.0 
3D  Ising  model  [35]      0.325  1.24  4.82 
3D  Heisenberg  model  [35]      0.365  1.336  4.80 
Tricritical  mean-field 
theory 
[27]      0.25  1  5 
La0.7Sr0.3MnO3,  SC 
 
[20]  0.002-0.03  354.0  ±   0.2  0.37  ±   0.04  1.22  ±   0.03  4.25  ±   0.2 
La0.8Sr0.2MnO3,  PC 
 
[16]  NS  315.74  0.50  ±   0.02  1.08  ±   0.03  3.13  ±   0.2 
La0.67Ba0.33MnO3,  PC 
 
[21]  NS  338.1  ±   0.2  0.464  ±  
0.003 
1.29±   0.02  NEI 
La0.8Ca0.2MnO3,  SC 
 
[25]  NS  NS  0.36  1.45  NEI 
LaMnO3.14,  PC  [23]  NS  141  0.095  1.47  NEI 
La0.7Ca0.3MnO3,  SC  [24]  NS  222  ±   0.2  0.14  ±   0.02  0.81  ±   0.03  1.22  ±   0.02 
La0.6Ca0.4MnO3,  PC  [27]  0.002  –  0.04  265.5  ±   0.5  0.25  ±   0.03  1.03  ±   0.05  5.0  ±   0.8 
   
 
 
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Fig.  1:  Isotherms  of  M2  vs.  H/M  of  Nd0.6Pb0.4MnO3  at  different  temperatures  close  to  the 
Curie  temperature  (TC  =  156.5  K). 
 
 
 
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 
 
Fig  .2  Modified  Arrott  plot  isotherms  M1/β’  vs.  (H/M)1/γ’,  with  β'  =0.365  and  γ   '  =1.336. 
Some  of  the  isotherms  are  omitted  in  this  figure  for  clarity.  T  ~  TC   =  156.5  K  is  the  value 
obtained  in  this  study. 
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 
Fig.  3  Temperature  variation  of  the  spontaneous  magnetization  MS   (triangle)  and  the 
inverse  initial  susceptibility  χ0  –1  (circles)  along  with  fits  obtained  for  power  laws. 
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 
Fig.  4  Kouvel-Fisher  plot  for  the  spontaneous  magnetization  MS   (triangles)  and  the 
inverse  initial  susceptibilityχ0  –1  (circles). 
 
145 150 155 160 165 170
-25
-20
-15
-10
-5
0
TC=156.16
γ  =  1.329
TC=156.4
β   =  0.374
T(K)
M
S(T
,
0)(
dM
S/d
T)
-
1  
(K
)
0
2
4
6
8
10
sahana  et  al.  Fig  4.
χ
0
-1(dχ
0
-1/dT)
-1(K)
  18
 
Fig.  5  M   vs.  H  on  a  log-log  scale  at  156.  5  K,  i.e,  T  ~  TC.  The  straight  line  is  the  linear  fit 
following  eq.  (3). 
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 
Fig.  6  Normalized  isotherms  of  Nd0.6Pb0.4MnO3  below  and  above  Curie  temperature  (TC 
=  156.5  K)  using  β   and  γ   determined  as  explained  in  the  text.  Inset  shows  the  same  plot 
on  a  log-log  scale.  |  ε   |  =  |T  −TC  |/TC.  Different  symbols  on  the  same  scaling  curve  f  +  (f  -) 
corresponds  to  different  temperatures;  148  K  (up  triangles),  149  K  (circles),  150  K  (×), 
151  K  (squares)  and  162  K  (diamonds),  164  K  (down  triangles),  165  K  (*),  165.5  K  (+).   
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